Objectives-To measure the shear wave velocity (SWV) of the median nerve by Virtual Touch tissue imaging quantification (VTIQ; Siemens AG, Erlangen, Germany) through the beginning of the carpal tunnel and to determine whether VTIQ could be used to diagnose carpal tunnel syndrome.
C
arpal tunnel syndrome is a common condition characterized by peripheral nerve stiffness. The diagnosis of carpal tunnel syndrome is mostly based on a combination of clinical symptoms, signs, and an imaging examination. 1 Electrodiagnostic testing is uncomfortable for patients and has many other disadvantages, including being time-consuming and expensive, which limit its clinical application. Many studies have confirmed that 16% to 34% of patients with clinically defined carpal tunnel syndrome have normal electrodiagnostic test results. 2, 3 Magnetic resonance imaging (MRI) can show morphologic changes in patients with carpal tunnel syndrome, but the sensitivity and specificity of MRI are low. 4 Ultrasound elastography can acquire elasticity information from biological tissues, compensating for the deficiency of traditional imaging patterns (including 2-dimensional (2D) sonography, MRI, computed tomography, and others), which are unable to provide elasticity measurements; also, it is noninvasive and easy to use, has received wide attention from scholars and clinical physicians, and is developing rapidly. 5 At present, elastography is commonly used in the clinic as assist-type strain elastography, Virtual Touch tissue imaging (VTI; Siemens AG, Erlangen, Germany), Virtual Touch tissue quantification (VTQ; Siemens AG), and Virtual Touch tissue imaging quantification (VTIQ; Siemens AG). Assist-type strain elastography applies strain to the tissue by putting pressure on the tissue with a transducer. The depth of the lesion as well as the skill and proficiency of the operator limit clinical applications. Virtual Touch tissue imaging performs a qualitative evaluation of the elasticity and rigidity of tissue by the degrees of light and shade on grayscale images. However, it merely provides a qualitative and semiquantitative diagnosis and is unable to obtain the absolute tissue hardness value. Virtual Touch tissue quantification, which quantifies the elasticity and hardness of the tissue by the transverse oscillating shear wave velocity (SWV), provides quantitative indicators reflecting the absolute tissue hardness. However, VTQ involves 1-dimensional shear wave imaging and only reflects the point hardness without showing the complete hardness conditions of the mass.
Virtual Touch tissue imaging quantification, which was developed by fusing the advantages of VTI and VTQ, is one of the more advanced elastographic techniques and has developed rapidly in the field of elastography. As a 2D shear wave imaging approach, it could simultaneously allow for qualitative and quantitative analysis of mass hardness, directly presenting the entire hardness distribution of a mass by 2D color-coded imaging as well as more accurately measuring some smaller regions of interest (ROIs) by adjusting the size-sampling frame to 1 3 1 mm, facilitating multispot sampling, and allowing for a larger measurement range. 6 At present, several studies have reported on the application of VTIQ in breast tissue. [7] [8] [9] Elastography of the peripheral nerves in the application of VTIQ has rarely been studied. We aimed to determine the value of VTIQ in diagnosing carpal tunnel syndrome and provide a new way for the clinical evaluation of median nerve stiffness in carpal tunnel syndrome.
Materials and Methods

Participants
The local Ethics Committee of the Second Affiliated Hospital of Xi'an Jiaotong University approved the study protocol. Written informed consent was obtained from all patients and healthy volunteers. This study was designed prospectively from December 2014 to January 2016 and included 72 wrists of 49 patients with a definitive clinical diagnosis of carpal tunnel syndrome who underwent electrodiagnostic testing, Color Doppler diagnosis, and VTIQ examinations. The history, radiographic examination results at the wrist, and color Doppler sonographic results were the bases for the etiologic diagnosis. Diagnostic scanning was performed at the same time as VTIQ.
Patients were not included in the study if they had a history of pregnancy. The control group included 46 wrists of 23 healthy volunteers. Both wrists were evaluated in each volunteer. Electrodiagnostic tests were not performed in the volunteers.
Electrodiagnostic Examinations
Electrodiagnostic examinations were performed according to the protocol suggested by the American Association of Electrodiagnostic Medicine recommendations 10 in all patients and included the distal sensory latency, motor nerve conduction velocity, distal and proximal motor latency, and motor and sensory action potential amplitudes of the median nerves (second finger-wrist) and ulnar nerves (fifth finger). The severity of carpal tunnel syndrome was classified as mild, moderate, severe, or extreme according to a modified scoring system. 11 Mild severity was defined as minimally abnormal segmental or comparative test results; moderate severity was defined as a digit-wrist sensory nerve conduction velocity or abnormal distal motor latency. Severe severity was defined as an absence of abnormal sensory responses, abnormal distal motor latency, and decreased motor responses. Extreme severity was defined as an absence of motor and sensory responses.
Color Doppler Diagnosis
Conventional sonography was performed with a standard 10-15-MHz transducer (Acuson S3000; Siemens AG). All sonographic examinations were performed while the participants were seated facing the examiner. The participants' upper limbs were in 45 8 of flexion and abduction; the elbows were in 45 8 of flexion; the forearm was positioned horizontally; and the wrists rested on a flat surface. Care was taken to examine the wrists in a neutral position and avoid any wrist or hand position that increased the carpal tunnel pressure. The fingers were held in a relaxed position while they were semiflexed. Two-dimensional sonography was used for scanning the median nerve. The median nerve at the carpal tunnel inlet was identified on sagittal imaging (an orientation parallel to the median nerve) for observing the anatomic location and a continuous boundary trace of the nerve, and the transducer was rotated 90 8 to obtain a transverse imaging plane for testing the median nerve cross-sectional area. Each patient's examination was repeated 3 times by the same physician on same day, and the mean value was the final outcome of the physicians's examination of the patient.
Virtual Touch Tissue Imaging Quantification
Elastography was performed with a 9L4 MHz linear array probe (acoustic radiation force impulse, VTIQ) on an Acuson S3000 ultrasound machine. The operator placed the transducer on the carpal tunnel surface parallel to the median nerve and started VTIQ patterns in the acoustic radiation force impulse software. Virtual Touch tissue imaging quantification has 4 patterns: quality control, velocity, displacement, and time. The quality control and velocity patterns were observed, and imaging findings were obtained. The quality control model is based on the original radiofrequency signal, which is used to evaluate the quality measure of the shear wave. When the quality measure is greater than 0.87, the quality of the shear wave imaging is good and is labeled as a green region; when the quality measure is 0.75 to 0.87, the shear wave measurement is not effective and is marked as a yellow region; when the quality measure is less than 0.75, the shear wave cannot be assessed and is marked as a red region. The quality control pattern can directly display the shear wave elasticity distribution quality of the obtained images on a chromatic scale with progression from green to yellow and then to red, indicating high to low quality. A uniform green region distribution indicates that the quality is good. The operator acquired images of the velocity pattern of VTIQ in the good-quality area and measured the SWV of the median nerve. An image based on the velocity pattern could directly display shear wave elastic imaging of the 2D distribution in the median nerve. High to low SWVs in the image were depicted on a chromatic scale with progression from red to yellow, green, and blue. The operator gradually adjusted the measurement range of the SWV (the highest 10 m/s) from high to low to acquire the final velocity pattern with the standard of uniform light blue or green tissue around the focus and red or yellow within the focus. Regions of interest could be user defined and allowed for velocity values to be measured in the targeted area. The operator measured many groups of SWVs in different regions of the median nerve within the SWV window to acquire the mean SWV (meters per second). The minimum ROI was 1 mm 2 (multiplying 1 mm by 1 mm). Each patient's examination was repeated 3 times by the same physician on same day, and the mean value was the final outcome of the physician's examination of the patient.
Receiver Operating Characteristic Curve
The researcher separately drew a receiver operating characteristic curve for 2D sonography and elastography and calculated the area under the curve (AUC) and 95% confidence interval. On the basis of the sensitivity and specificity for every possible cut point, the researcher calculated the Youden index, acquired the optimum threshold value that maximized the Youden index, and obtained the sensitivity, specificity, positive predictive value, negative predictive value, and accuracy to evaluate the diagnostic efficiency.
Interobserver Diagnostic Consistency Calculation
An experienced radiologist (with > 3 years of experience with sonography) examined the entire study group (49 patients and 23 volunteers) using 2D sonography and VTIQ. A second radiologist (with > 3 years of experience with sonography) examined the entire study group within 24 hours of the first sonographic examination. Both radiologists were blinded to each other's evaluations and to the participants' relevant examination results for the purpose of calculating the interobserver diagnostic consistency.
Statistical Analyses
Statistical analyses were performed with SPSS version 18.0 software (IBM Corporation, Armonk, NY). Measurement data were expressed as mean 6 standard deviation. The normal distribution and homogeneity variance of different interclass parameters were tested. Two classes, which satisfied the normal distribution and homogeneity variance, were studied by the Student t test. Two classes, which did not satisfy the normal distribution and homogeneity variance, were studied by the Satterthwaite separate variance estimation t test (t 0 test). The interobserver consistency test was applied with a variance analysis to determine the interclass correlation coefficient. The AUC was compared by the paired t test. Statistical significance was accepted at a P < .05.
Results
Clinical Data
A total of 72 wrists of 49 patients (17 male and 55 female; age range, 32-68 years; mean, 53.4 6 9.1 years) and 46 wrists of 23 healthy volunteers (11 male and 12 female; age range, 30-65 years; mean, 51.6 6 6.4 years) were recruited in this study. The etiologic information for the 49 patients included 49 wrists with a thickened transverse carpal ligament caused by injuries or strain, 6 wrists with Colles fracture malunions, 4 wrists with ganglion cysts, 3 wrists with lipomyomas, 2 wrists with anterior dislocation of the lunate, 2 wrists with anatomic variations, 4 wrists with diabetes peripheral nerve lesions, and 2 wrists with unknown causes.
Quality Control and Velocity Patterns on VTIQ Seventy-two wrists in the patient group were evaluated by nerve electrophysiologic examinations; 50 of these wrists showed mild or moderate lesions (group A), and 22 showed severe or extremely severe lesions (group B). Sagittal imaging of the median nerve by 2D sonography, as in Figure 1 , shows the trace and stiffness position of the nerve at the carpal tunnel. Moderate lesions of the median nerve under VTIQ elastography are presented in Figure 2 ; severe lesions are presented in Figure 3 . Figures 2A and 3A have a uniform green distribution in the VTIQ quality control pattern, indicating that the quality was good. The VTIQ velocity color overlay ( Figures 2B and 3B ) displayed relative SWVs according to the adjacent color spectrum, with red areas corresponding to higher values. Wave speed was measured at the lesion.
Median Nerve Cross-sectional Area and SWV Analysis The median nerve cross-sectional area and SWV are presented in Table 1 . The cross-sectional area of the total patient group was significantly greater than that of the control group (t 0 5 10.2945). The SWV of the total patient group was significantly greater than that of the control group (t 0 5 9.8410). The cross-sectional areas of groups A and B were significantly different (t 5 4.7453). The SWVs of groups A and B were significantly different (t 5 17.1311).
Receiver Operating Characteristic Curve Analysis
The receiver operating characteristic curve was drawn according to the cross-sectional area and SWV ( Figure  4) . At 0.095 cm 2 (AUC, 0.894; 95% confidence interval, 0.839-0.949), which was accepted as the threshold value of the cross-sectional area for diagnosing carpal tunnel syndrome, the sensitivity, specificity, positive predictive value, negative predictive value, and accuracy were 76.4%, 89.1%, 91.7%, 70.7%, and 81.4%, respectively. At 3.0 m/s (AUC, 0.930; 95% confidence interval, 0.886-0.975) as the threshold value of the SWV, the sensitivity, specificity, positive predictive value, negative predictive value, and accuracy were 83.3%, 91.3%, 93.8%, 77.8%, and 86.4%.
Interobserver Diagnostic Consistency Calculation
The interobserver diagnostic accuracy results are presented in Table 2 . The interclass correlation coefficient values for different physicians examining the patients with carpal tunnel syndrome and healthy volunteers by 2D sonography and elastography were all greater than 0.75, indicating that the cross-sectional area and SWV tests had better consistency (P < .05).
Discussion
Median nerve stiffness from shrinking carpal tunnel capacity can have a number of causes, including a thickened transverse carpal ligament by injury, a Colles fracture malunion, anterior dislocation of the lunate, a ganglion cyst, a lipomyoma, and anatomic variations. Some systemic diseases, such as diabetes, thyroid dysfunction, and others, can influence carpal tunnel syndrome. 12 As a result, most diseases that could cause carpal tunnel syndrome were included in this study. Therefore, the results and conclusions of this study have clinical value for diagnosing carpal tunnel syndrome. However, because the clinical sample sizes of the various disease types were insufficient, imaging characteristics on 2D sonography and elastography with clinical value for every disease type were not obtained. Additionally, characteristics of the disease differences on 2D sonography and elastography were not obtained. We need to go into a more detailed discussion for the next clinical observation.
Prior studies 13, 14 have demonstrated that most clinical anatomic characteristics of the median nerve stiffness in patients with carpal tunnel syndrome showed a flat median nerve at the hook of the hamate bone (the thickest flexor retinaculum) and a dilated median nerve at the proximal pisiform bone. The carpal tunnel inlet and boundary of the flexor retinaculum are located at the pisiform bone near the hook of the hamate bone, which is where the front median nerve wall of most patients with carpal tunnel syndrome was relatively weak. Severe stiffness resulted in blocking of median nerve axoplasmic flow at the hook of the hamate bone; as a result, the median nerve easily formed a neuroma structure, and the cross-sectional area of the median nerve was enlarged at the pisiform bone. Therefore, enlargement of the crosssectional area of the median nerve at the pisiform bone (carpal tunnel inlet) was the most characteristic morphologic change in carpal tunnel syndrome. We examined the median nerve stiffness position and degree in patients who were followed with 2D sonography and found that the most serious position of the median nerve stiffness in the patient group was at the hook of the hamate bone. The thickened median nerve at the proximal pisiform bone and median nerve edema were more severe, as demonstrated by the severe clinical symptoms, and increased with the disease course. In the statistical analysis, the cross-sectional areas of the median nerves in the patient group were significantly greater than those in the healthy group. On the other hand, the increase in electrophysiologic severity and the cross-sectional area also showed a significant correlation, which has been investigated in several studies. 15, 16 Our results were in agreement with previous reports. The median nerve cross-sectional areas in patients with mild or moderate disease and that of in patients with severe or extremely severe disease were significantly different, which agreed with the clinical observations. Therefore, we can judge the severity of the disease according to the sonographic results.
However, our cross-sectional area measurements yielded low sensitivity (76.4%) at a cutoff value of 0.095 cm 2 , compared with 80% to 89% sensitivity reported in previous studies. 17, 18 Since our study population consisted mostly of patients with mild or moderate carpal tunnel syndrome, the aforementioned issue may explain our low cross-sectional area sensitivity rates. For a diagnostic test, an AUC of 0.5 to 0.7 indicates that the diagnostic value is low; 0.7 to 0.9 indicates that the diagnostic value is moderate; and greater than 0.9 indicates that the diagnostic value is high. 19 In our study, the AUC of 2D sonography was 0.894, which indicates that 2D sonography is valuable for diagnosing carpal tunnel syndrome. Electrodiagnostic testing is uncomfortable for patients as well as time-consuming and expensive, and the sensitivity and specificity of MRI findings are low. Compared with electrodiagnostic testing and MRI, 2D sonography is convenient, fast, noninvasive, and less expensive and has higher sensitivity and specificity, which merit clinical use. Meanwhile, the results of 2D sonography also indicated that it could assist with local examination of the median stiffness at the carpal tunnel, which preoperatively confirmed the surgical release range as well as prevented incomplete surgical release. 20 As a result, the postoperative effect was not as good as possible. In a minimally invasive operation with wrist arthroscopy, sonography had a very important effect on the carpal tunnel release range. 21 Pathologic research has provided a theoretical foundation for median nerve changes at the carpal tunnel. The rigidity of the median nerve at the carpal tunnel inlet increased significantly, which could have been from nerve edema, fiber deposits, or increasing pressure of the carpal tunnel. The initial manifestation of the lesion was median nerve edema and hyperemia, which gradually developed into neural fibrosis, shrinking neural axons, and disappearance of the myelin sheath from stiffness ischemia. Finally, the neural tissue transitioned into fibrous tissue. Afterward, the nerve tube disappeared and was irreversibly replaced by collagen. 22 The elastographic technique could be used for clinical examination of carpal tunnel syndrome because of median nerve degeneration. Elastography, a new sonographic technique, evaluates the tissue with knowledge of the tissue rigidity; under outside pressure, softer tissues are more easily deformed than harder tissues. Additionally, the tissue rigidity is closely related to the pathologic structure of the lesion. 23, 24 At present, elastography is commonly used in the clinic as assist-type strain elastography, VTI, VTQ, and VTIQ. Assist-type strain elastography applies strain to the tissue by putting pressure on the tissue with a transducer. However, assist-type strain elastography is subject to a number of technical difficulties. The compression force for measurements of tissue strain can be regulated by a freehand technique, and the transducer should always be held perpendicular to the object so that the appropriate strain is adjusted with reference to the feedback indicator. The depth of the lesion and the skill and proficiency of the operator have limited clinical applications. The diagnostic importance of median nerve stiffness on assist-type strain elastography has been investigated. Orman et al 25 found that mean tissue strain was lower in patients with carpal tunnel syndrome than in controls, and the sensitivity and specificity were 84% and 54%, respectively. Miyamoto et al 26 reported that assist-type strain elastography provided a significant improvement in the diagnostic accuracy of sonographic assessment of carpal tunnel syndrome: its diagnostic sensitivity was 82%, and specificity was 68%, with an AUC of 0.78. Our data from VTIQ were better than those of Orman et al 25 and Miyamoto et al 26 because we used the SWV rather than strain elastography.
Virtual Touch tissue imaging quantification, which was developed by fusing the advantages of VTI and VTQ, is one of the more advanced elastographic techniques. As a 2D shear wave imaging approach, VTIQ could simultaneously allow for qualitative and quantitative analysis of lesion hardness, directly presenting the entire hardness distribution of the lesion by 2D color-coded imaging as well as more accurately measuring some smaller ROIs by adjusting the size-sampling frame to 1 3 1 mm, facilitating multispot sampling and allowing for a larger measurement range. 6 We observed the median nerve and found that it had a uniform green distribution, indicating a good quality control pattern on VTIQ. Therefore, the application of VTIQ in examinations of median nerves in patients with carpal tunnel syndrome is feasible. By velocity pattern imaging, we found that VTIQ had higher diagnostic value in the clinical screening and staging diagnosis of carpal tunnel syndrome than 2D sonography. In addition, the results of the SWV study had higher sensitivity than the results of the crosssectional area study. The diagnostic importance of median nerve stiffness on shear wave elastography has also been investigated. Kantarci et al 27 found that the median nerve at the carpal tunnel inlet was significantly stiffer on shear wave elastography in patients with carpal tunnel syndrome than in healthy volunteers. They evaluated the median nerve elasticity within a defined 2-mm-diameter circle at the carpal tunnel inlet in longitudinal images and reported that a 40.4-kPa cutoff value on shear wave elastography gave high diagnostic accuracy. Its diagnostic sensitivity was 93.3%, and specificity was 88.9%, with an AUC of 0.956, which was in accordance with our results and indicated that the hardness changes in the median nerves of patients with carpal tunnel syndrome had increased before the cross-sectional area increased, and VTIQ had higher clinical diagnostic value than 2D sonography. However, concrete neural anatomic conclusions require further exploration.
For the interobserver consistency of VTIQ, Golatta et al 28 performed a regression analysis to evaluate the consistency of measurements from different examiners by researching breast space-occupying lesions. The Pearson product-moment correlation coefficient was 0.93, which indicated that VTIQ had good repeatability among different examiners. By a statistical analysis of interobserver diagnostic consistency results from experienced radiologists (with > 3 years of experience), we found that elastography of patients with carpal tunnel syndrome and healthy volunteers, which was performed by different physicians, had better consistency, indicating that different physicians could use VTIQ for diagnosis of carpal tunnel syndrome. We also discovered that 2D sonography for determining the cross-sectional area had a smaller interobserver degree of variation than VTIQ, which was more relevant and convenient than 2D sonography for clinical applications, and clinical diagnostic guidelines 29 have been published. Therefore, for VTIQ, which is a new examination method, we need to study its subject range and testing standards and provide greater standardization of examination guidelines to lay a foundation for widespread use.
There were some deficiencies in this study. First, carpal tunnel syndrome is systematic, and we still cannot obtain 2D sonographic and elastographic characteristics with clinical value for every disease type. We also cannot obtain differences in the imaging characteristics for every sort of disease. Second, we examined the median nerve hardness at the carpal tunnel inlet, but hardness at the distal carpal tunnel was not examined. Third, the interobserver consistency was based on senior radiologists with experience in diagnostic elastography; however, the diagnostic consistency between senior and junior radiologists and radiologists at different hospitals has not been studied.
In conclusion, our study indicated that the SWV of the median nerve at the carpal tunnel inlet in patients of carpal tunnel syndrome obviously increased, which had repeatability and higher clinical diagnostic value. Virtual Touch tissue imaging quantification combined with 2D sonography provides efficient diagnostic parameters for clinical diagnosis and preoperative evaluation.
